The effect of increased temperature on Staphylococcus aureus during the inoculation step of the agar dilution plate count method was investigated as a possible cause of artificially high persister counts. For some isolates, exposure of the inoculum to increased temperature resulted in higher persister counts and diminution or loss of the paradoxical effect. The persister patterns for three representative S. aureus isolates are presented to illustrate the strain-and temperature-dependent nature of the phenomenon. For any isolate, the net effect appears to be caused by an interplay of temperature-induced inoculum loss and temperature-induced cell division cycle blockage. A modification of the agar dilution plate count inoculation step to circumvent such problems is described.
We previously introduced the agar dilution plate count (ADPC) method as a procedure for the quantitative measurement of bacterial inhibition and killing by P-lactam agents (32, 33) . From continued work with Staphylococcus aureus, we have now found that occasional strains may be affected by increased temperature exposure during the ADPC inoculation step, resulting in variable and falsely high persister measurements. We present here the persister patterns determined for three S. aureus isolates selected to represent the temperature-related effects that we observed. Based on an analysis of the patterns for these isolates, the probable operative mechanisms are presented and discussed and modification of the ADPC inoculation step to avoid such problems is described.
MATERIALS AND METHODS S. aureus strains. S. aureus C13, R4, and SPRMC 9942 were selected as representative strains. Isolates were retrieved from stock storage at -70°C in defibrinated sheep blood by two 24-h passages on sheep blood agar incubated in air at 35°C. ADPC inoculation methods. For each isolate, a log-phase inoculum suspension was prepared as previously described (32, 34) to provide a common source for the inoculation methods to be compared. The methods were designed to represent conditions of increasing temperature exposure ranging from those which should not cause inoculum damage to those for which inoculum damage might be expected. The conditions compared were as follows.
(i) Method 1. Approximately 3 x 105 CFU contained in a 0.1-ml sample of an appropriate Mueller-Hinton broth (MHB; Difco Laboratories, Detroit, Mich.) dilution of the common source were pipetted onto the surface of a prepared ADPC plate containing oxacillin (Bristol Laboratories, Syracuse, N.Y.). The plate was then streaked with a bacteriologic loop in an overlapping fashion to thoroughly distribute the inoculum over the entire surface.
(ii) Method 2. Plates were prepared as described for method 1 followed by overlaying the streaked surface with * Corresponding author.
10 ml of 48°C molten Mueller-Hinton agar II (MHA; BBL Microbiology Systems, Cockeysville, Md.) having the same oxacillin concentration as that of the ADPC plate.
(iii) Method 3. Approximately 3 x 105 CFU contained in 0.1 ml of an appropriate MHB dilution of the common source were pipetted and thoroughly mixed into 20 ml of 48°C molten MHA containing oxacillin. The ADPC preparation was then immediately poured and shortly after gelation was covered with 10 ml of 48°C molten MHA having the same oxacillin concentration as that of the pour plate.
(iv) Method 4. Plates were prepared as described for method 3 except that the inoculum remained for 5 min in 48°C molten agar before ADPC plates were poured.
(v) Method 5. Plates were prepared as described for method 3 except that 55°C molten agar was used.
(vi) Method 6. Plates were prepared as described for method 5 except that the inoculum remained for 1 min in 55°C molten agar before ADPC plates were poured.
(vii) Method 7. Plates were prepared as described for method 5 except that the inoculum remained for 5 min in 55°C molten agar before ADPC plates were poured.
The actual number of viable CFU that was used to initiate each inoculation procedure, i.e., the starting inoculum (SI), was determined from duplicate plate counts made with 0.1-ml samples of a further 1:1,000 dilution of the common inoculum source processed by method 1 above, but without oxacillin in the agar plates. Similarly, the number of CFU surviving the thermal stress for each of the inoculation methods (methods 2 through 7), i.e., the residual inoculum (RI), was determined from duplicate plate counts made with appropriate samples of a further 1:1,000 dilution of the common inoculum source processed under the conditions described for each of the inoculation methods but without the presence of oxacillin.
ADPC tests. For each isolate, ADPC panels were initiated at the same time in duplicate, using inoculation methods 1 through 7. Panels were designed to contain oxacillin in fourfold dilution steps from 0.5 through 128 ,ug/ml. Panels were incubated in air at 35°C for 24 h, at which time colony counts were made to determine the MIC. Each plate was then overlaid with 1.0 ml of Penase (Difco) to inactivate oxacillin, and panels were then further incubated for 48 h for determination of persister counts. For each inoculation method, persister percentages were calculated from colony counts for the various oxacillin concentrations by using both the SI reference value and the individual RI reference values. The resultant persister percentage data for each inoculation method were then plotted to show potential differences in the persister patterns.
The possibility that persister pattern differences might be caused by oxacillin degradation during the inoculation procedure rather than by thermal stress damage to the inoculum was investigated and ruled out by the following observations. MHA dilution panels were prepared with oxacillin ranging from 0.12 through 8 ,ug/ml. One panel was prepared from oxacillin-containing molten agar which was held at 55°C for 15 min before pouring, and another panel was prepared from oxacillin-containing molten agar at 48°C and poured immediately. Plates were inoculated and then incubated at 35°C according to the National Committee for Clinical Laboratory Standards guidelines (24) with S. aureus ATCC 29213 (MIC, 0.12 to 0.5 ,ug/ml). The resultant MICs for the 55 and 48°C trials were both s0.12 ,ug/ml, indicating that oxacillin was not degraded by the conditions of increased temperature. Additionally, internal quality control of oxacillin stability was provided by determining the ADPC MIC for each isolate subjected to each inoculation method. For each isolate, the resultant MICs associated with the various inoculation methods were identical and matched that which was known for the isolate as previously determined by both ADPC and agar dilution susceptibility testing. Using RI values for calculation of persister percentages, the patterns representing 1-and 5-min exposure to 55°C molten agar (Fig. 1B, curves 6 and 7) were notably shifted to higher levels, with the latter having persister percentages approximating 10% and showing loss of the paradoxical effect. Figure 2A shows the patterns for isolate R4 as determined on the basis of the SI value. The 5-min, 55°C pattern (curve 7), although showing a smaller shift upward than that for C13, was again the highest and also showed loss of the paradoxical effect. The 1-min, 55°C pattern (curve 6), in contrast with that observed for isolate C13, although showing a diminished paradoxical effect, showed no shift. When ADPC plates were poured immediately after inoculation of 55°C molten agar (curve 5), no thermal effect was evident. Part B of Fig. 2 respectively, indicating an inoculum loss for only the 1-and 5-min 55°C pour plate preparations. Correspondingly, the patterns for these two conditions were shifted to higher positions, with the remaining patterns showing no change. In contrast with isolates C13 and R4, the patterns for isolate SPRMC 9942 based on the SI value (Fig. 3A) show no convincing upward shift in relation to any of the inoculation methods. Despite this, however, a diminished paradoxical effect was evident for the 1-and 5-min 55°C patterns (curves 6 and 7). Figure 3B shows The reproducibility of the temperature-related patterns described above was studied by repeating the trials with new retrievals from stock. For each isolate, the resultant patterns closely matched those described above for the initial trials in respect to both the upward shifts in persister percentages and diminishment or loss of the paradoxical effect.
DISCUSSION
The results of the present investigation indicate that increased thermal stress during the inoculation step of the ADPC method may cause persister measurements for some S. aureus isolates to be falsely high. This effect appears to result from an interplay of temperature-induced cell division cycle blockage and the use of reference counts determined after unsuspected temperature-induced inoculum loss. Support for the validity of these proposed mechanisms can be found by an analysis of the persister patterns encountered in the present study and by a brief review of pertinent observations previously reported by other investigators.
In analyzing our findings, we found that isolate C13 showed the most exaggerated patterns in relation to increased temperature exposure. Inoculation methods 6 and 7, representing the more severe temperature conditions, pro- duced inoculum losses of -87% (SI/RI = 0.13) and 95% (SI/RI = 0.05), respectively. Despite such severe inoculum degradation, these inoculation conditions resulted in considerably higher percentages of the original inoculum (SI) surviving the oxacillin action than did the less severe temperature conditions for which no inoculum degradation occurred. This seeming paradox can be explained by the assumption that the more extreme temperature conditions induced cell division cycle blocks protective against oxacillin in a large proportion of the residual viable cells. Additional evidence suggesting alteration of cell division cycle mechanisms was the finding that the paradoxical effect was diminished and effaced with increased thermal stress. The patterns shown in Fig. 1B illustrate the further exaggeration which may occur if persister percentages are calculated on the basis of an inoculum reference density determined after unsuspected inoculum degradation. Under such circumstances, the condition of greatest temperature exposure resulted in erroneously high persister percentages (line 7) being about 2 log1o units higher than those percentages for the patterns showing no effect. The patterns for isolate R4 (Fig. 2) were analogous to those for C13 but were less exaggerated by the temperature conditions. Only the 5-min, 55°C inoculation method produced both inoculum loss and an elevated pattern accompanied by loss of the paradoxical effect. Because inoculum degradation was less than that for C13, the patterns for Fig. 2B showed less additive error. In contrast, the patterns for isolate SPRMC 9942 were minimally influenced by the various temperature conditions and thus represent isolates for which the methods of inoculation are less important.
Several observations pertinent to the analysis of our findings have been described previously by other investigators. It is known that exponentially growing cultures will cease growing when the incubation temperature is increased a few degrees above that required for maximum exponential growth and that cell death will occur with a further increase in temperature (12) . It is also known that ,B-lactam agents act largely on actively dividing cells and that bactericidal action is proportionate to the generation time (3-5, 10, 13, 18, 20, 29, 30) . It has been conjectured that such cell wall-active agents may cause bacteria with already completed cell walls to be placed into a state of suspended animation (14, 15, 21) . Less well appreciated are observations based on studies of temperature-sensitive mutants of Escherichia coli (2, 17, 19, 23, (25) (26) (27) (28) 31) , some Bacillus spp. (6, 7, 11, 22) , Salmonella typhimurium (1), and some enterococci (8, 9, 16) which indicate that blocks in strategic cell division cycle processes may be induced in certain strains by subjecting exponentially growing cultures to nonpermissive temperatures in the range of 40 to 48°C. Working with Streptococcus faecium (S. faecalis ATCC 9790) temperature-sensitive mutants, Canepari and associates (8, 9) found the majority to undergo cell division cycle blockage immediately upon, or a few minutes after, exposure to the nonpermissive temperature. When the temperature was reestablished, most strains recovered from blocks and returned to a normal rate of cell division after a lag period related to the length of time at the nonpermissive temperature. Most of the temperature-sensitive mutants were blocked in the end stages of cell division involving septum initiation, development, and separation. Although similar studies have not been described for S. aureus, these observations on other genera lend support to our explanation of the mechanisms responsible for the temperature effects found in the present study.
In summary, we found that increased temperature expo- (32, 33) be replaced by quantitative surface streak inoculation followed by a 48°C agar overlay.
